The E-prM proteins of flaviviruses are unusual complexes which play important roles in virus assembly and fusion modulation and in potential immunity-inducing vaccines. Despite their importance, little is known about the biogenesis and structural organization of E-prM complexes. Pulse-chase radiolabeling of dengue virus-infected Vero cells demonstrated a rapid interassociation of E and prM proteins, and sucrose gradient sedimentation analysis suggested that E-prM complexes progressed from simple heteromers to more densely sedimenting structures indicating increased multimerization. E-prM heteromers of even higher complexity were observed in virus particles, suggesting an intracellular assembly process which results in the networking of E-prM subunits into a lattice-like structure found in virus particles. Trypsin cleavage of E-prM-containing virus particles resulted in the release of a soluble 45-kDa fragment of the E protein which retained cell-binding activity. The results suggest that E-prM interactions in dengue virus particles are largely mediated by domains in the carboxy-terminal anchoring domain of E, while cell-binding activity is retained in a trypsin-releasable ectodomain of the E protein.
The flavivirus E protein is a multifunctional protein which is involved in cell receptor binding (3, 6, 10) and virus entry via fusion with a host cell membrane (26) . An unusual feature of the flavivirus E protein is that some of its functional activities, notably membrane fusion, are regulated by interaction with a second viral protein, prM. It is believed that the association of prM with E stabilizes certain pH-sensitive epitopes on the E protein, thereby preventing the conformational changes which normally occur at acidic pH and which activate the fusogenic activity of the E protein (1, 9, 13) . In addition to its normal role in flavivirus assembly, the prM protein has also been included in novel recombinant formulations in which it is generally coexpressed with the E protein; the resultant E-prM complexes have been shown to be immunogenic and protective in vaccines against challenge with several flaviviruses, including Japanese encephalitis virus (20) , yellow fever virus (22) , dengue virus (8) , and tick-borne encephalitis virus (11) . Despite the importance of the E-prM complex in flavivirus biology and vaccinology, its structure and biosynthesis remain incompletely understood, particularly in relationship to dengue virus infection. The purposes of the present study were to investigate the biogenesis of the E-prM complex in dengue virus-infected cells and to partially localize the biologically important functional activities of prM binding and cell binding in the mature E protein.
Predominance of prM and E proteins in extracellular particles produced by dengue virus-infected Vero cells. In tickborne encephalitis virus, the majority of extracellular virus is largely free of prM protein, due to a late intracellular processing event which generates a carboxy-terminal fragment designated M; this fragment and the E and C proteins are believed to constitute the protein components of the mature virus particle (13) . In contrast, dengue virus particles purified from cell culture contain a mixture of prM and M proteins (4, 10, 23, 24) in which prM often predominates (4, 10, 23) . The preponderance of prM (over M) in extracellular virus particles cannot be explained solely by enhanced radiolabeling (11 methionines in prM versus 5 in M), since dengue virus virions containing prM (and very little M) have also been observed by protein staining (23) . Sucrose gradient fractionation of culture fluids from radiolabeled, dengue virus-infected cells clearly shows cosedimentation of infectivity and E-prM-containing particles (Fig.  1) . The results indicate a predominance of prM-containing virus particles produced by virus-infected Vero cells, likely as a consequence of relatively inefficient cleavage of prM to M during the late stages of virus maturation. Nevertheless, dengue virus infectivity does not appear to depend on quantitative cleavage of prM to M, as dengue virus particles containing prM but no M (obtained from virus-infected cells cultured in the presence of ammonium chloride, which blocks prM-to-M cleavage) still retain one-eighth to one-sixth the specific infectivity of normal virus particles (24) . We have shown previously that virus particles containing E and prM bind to permissive cells and that binding can be blocked with E-specific antibody (10, 29) . Virus particles containing mainly E and prM also show antibody-enhanced binding to Fc receptor-bearing K562 cells as well as to platelets (29) . Thus, in addition to being requisite precursors to mature virus particles, virus particles containing prM possess many properties associated with mature virus particles. The preponderance of prM-containing virus particles produced by dengue virus-infected Vero cells was exploited in the present study in order to trace the interactions between E and prM which occur during virus particle biogenesis.
Time course of intracellular association of dengue virus E and prM proteins. To investigate intracellular protein interactions with newly synthesized E protein, we performed a pulsechase [
35 S]methionine-cysteine labeling study with dengue virus-infected Vero cells followed by immunoprecipitation of cytoplasmic extracts with E-specific monoclonal antibody (MAb) 1B7 (14) . For this study we found digitonin to give the best results in terms of preservation of E-prM complexes following cell solubilization. Digitonin is a mild cell lysis agent (19) and is known to preserve protein-protein interactions which may be unstable in other detergents, such as Triton X-100 (16) . Dengue virus prM protein was found to be associated with newly synthesized E protein (i.e., within the 15-min pulse [ Fig. 2A, lane 1] ). The prM-E complex persisted in the infected cell for approximately 4 to 6 h, at which time the level of intracellular prM-E complex was observed to decline. The timing of this decline was consistent with the export of E-prM into extracellular progeny virus particles (Fig. 2C) .
Multimerization of prM-E complexes. Evidence from studies with immature virions of tick-borne encephalitis virus suggest that E may associate with prM as multimeric complexes (1, 13, 25) . To investigate the formation of higher-order E-prM complexes in dengue virus-infected cells, we analyzed pulsechase-radiolabeled cell extracts on sucrose gradients (Fig. 3) . Complexes consisting of prM and E were clearly visible as densely sedimenting structures by 2 h of chase, even in nonimmunoprecipitated total cell extracts (Fig. 3A) . Following immunoprecipitation with E-specific MAb 1B7 (14) and semiquantitation of E-prM complexes in all sucrose gradient fractions, the distribution of E-prM complexes throughout each gradient was determined; results are shown in Fig. 3B . In the pulse-labeled sample, the prM-E complex was found to sediment near the top of the gradient (fractions 6 and 7), consistent with the complex being a simple heterodimer. In contrast, by 6 h of chase, the prM-E complex was also found in higherdensity fractions (fractions 4 and 5), indicating the formation of more complex, multimeric structures. Similar, densely sedimenting E-prM complexes were also found in dengue virus particles (Fig. 3B , bottom panel), suggesting that the intracellular multimeric E-prM structures may represent preassembly complexes required for incorporation into virus particles. The results imply the existence of an intracellular scaffolding process which occurs within a few hours of E-prM protein synthesis and which leads to the formation of multimeric E-prM complexes. To our knowledge, this is the first evidence for time-dependent expansion of intracellular flavivirus E-prM complexes which likely represent intermediate structures involved in the assembly of heterogeneous, multimeric E-prM structures of the kind reported for immature virions of tickborne encephalitis virus (13) .
Release of a non-prM-associated E protein ectodomain by trypsin cleavage of virus particles. The observation of densely sedimenting, apparently multimeric E-prM complexes in virus particles (Fig. 3) suggests the existence of multiple E-prM interactions, similar to those postulated from studies with immature particles of tick-borne encephalitis virus (1, 13, 25) . In order to gain further insight into the intermolecular associations between E and prM within dengue virus particles, radiolabeled virus particles (purified as for Fig. 1 ) were treated with trypsin to release surface-exposed, trypsin-cleavable proteins. The virus trypsinate was immunoprecipitated with E-specific MAbs 3H5 and 1B7 (14) . In addition to immunoprecipitating full-length E protein (as well as prM complexed to E), both antibodies were able to immunoprecipitate an E protein fragment of about 45 kDa, designated ⌬E (Fig. 4A) . Immunoprecipitation with MAb 1B7 was more effective than with MAb 3H5, perhaps due to the proximity of the MAb 3H5 binding site to the suspected trypsin cleavage site (see below).
In order to determine whether the trypsin-cleaved 45-kDa ⌬E fragment was virus associated, trypsin-treated dengue virus was centrifuged through a 15 to 50% (wt/wt) sucrose gradient. Fractions of the sucrose gradients were collected and immunoprecipitated with anti-dengue virus E-specific MAb 1B7 (Fig. 4B) . In contrast to uncleaved virus, which sedimented near the bottom of the gradient (fractions 1 to 3), the trypsingenerated 45-kDa ⌬E fragment was mainly found as a soluble protein near the top of the gradient (fraction 6). There was no detectable prM in this fraction, nor was there any ⌬E found in virus particles, suggesting that the major prM binding sites are located in the membrane-anchoring carboxy terminus of the E protein. The results suggest further that the major intermolecular associations which stabilize the E-prM network within the virus particle do not appear to involve the E ectodomain but
35 S]methionine-cysteine (400 Ci/ml; ICN, Irvine, Calif.) at 40 h postinfection. Clarified culture fluid was overlaid on a 5 to 55% (wt/wt in phosphate-buffered saline) sucrose gradient and centrifuged for 16 h at 45,000 rpm in a Beckman SW60 rotor. The gradient was fractionated from the bottom, and aliquots were taken for immunoprecipitation with human dengue virus 2 immune serum (1:200 dilution) and for isolation by using protein A-bearing formalin-fixed cells of Staphylococcus aureus. Immunoprecipitates were washed with phosphate-buffered saline (no detergents) in order to recover virus particles as well as immunoreactive soluble proteins. The immunoprecipitates were resolved and revealed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and fluorography (A). The identities of E and prM proteins were confirmed by additional immunoprecipitations with E-specific MAbs 3H5 and 1B7 and prM-specific MAb 2H2 (14) (data not shown). Aliquots from the same sucrose gradient fractions were titrated for virus infectivity by plaque assay; the percentage of total PFU (ϭ 3 ϫ 10 6 PFU) in each fraction is shown (B).
FIG. 2. Kinetics of intracellular association of dengue virus E and prM proteins. Dengue virus-infected Vero cells were pulse-labeled for 15 min with [
35 S]methionine-cysteine at 40 h postinfection. Cells were washed and incubated for various times in 0.5 ml of chase medium containing excess methionine and cysteine. Cells were harvested after being washed in Tris-buffered saline and then solubilized in 100 l of Tris-buffered saline containing digitonin (1 mg/ml). Extracts were microcentrifuged for 15 min at 4°C, and the supernatants were used for immunoprecipitation with E-specific MAb 1B7 (14) rather are located in the carboxy-terminal portion of E. These results may be analogous to observations made with tick-borne encephalitis virus in which full-length E protein was shown to form more stable complexes with prM than was anchor-free E protein (2) . It is also conceivable that ⌬E is derived solely from a subset of E protein molecules which are not associated with prM. This possibility requires further investigation.
The trypsin-released ectodomain of E retains cell-binding activity. We used the trypsin-cleaved soluble E fragment in a cell binding assay to determine whether this fragment possessed receptor-binding activity. In parallel, cell binding of intact dengue virus (as a positive control) and the NS1 dimer (as a negative control) was monitored. Cell binding was performed with three cell lines commonly used in dengue virus infection studies, i.e., monkey kidney Vero and LLCMK2 cells and human monocyte-like U937 cells. Unequivocal binding of intact virus was observed with Vero and LLCMK2 cells, while much lower binding was seen with U937 cells (Fig. 5A to C) . In contrast to Vero and LLCMK2 cells, U937 cells are Fc receptor-bearing monocyte-like cells which support antibody-dependent dengue virus infection but are relatively poorly infectible in the absence of dengue virus-specific antibody (7, 17) . The cell binding results with intact virus further support the idea that permissiveness to dengue virus infection is determined at least in part by the degree of virus-cell binding (3), which is a reflection of the relative abundance of virus receptors. As shown in Fig. 5A to C the trypsin-released dengue virus E ectodomain, ⌬E, retained partial cell-binding activity. This is the first direct demonstration that the cell receptor-binding portion of any flavivirus E protein can be released in functional form by trypsin cleavage of virus particles. It is noteworthy that ⌬E bound to all three cell types apparently less efficiently than did intact virus (Fig. 5A to C) . However, this likely reflects the fact that cell binding of intact virus particles would be scored with greater sensitivity in our binding assay than would isolated E proteins. Each cell-bound virus particle contains many E 35 S]methionine-cysteine were overlaid on 10 to 50% (wt/wt) in phosphate-buffered saline) sucrose gradients and centrifuged for 16 h at 45,000 rpm in a Beckman SW60 rotor. Gradient tubes were pierced from the bottom and drained by gravity into seven microcentrifuge tubes. Aliquots of sucrose gradient fractions (without immunoprecipitation [A] or immunoprecipitated with MAb 1B7 [B]) were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and fluorography. With increases in chase time, the E-prM complexes were observed to sediment progressively lower in the gradient, below the bulk of cell proteins which are mainly found near the top (fraction 6) of the gradient (A). The fluorogram was deliberately overexposed to show the densely sedimenting E-prM complexes appearing in fractions 4 and 5 by 2 and 6 h of chase. (B) Relative distribution of radiolabel in each sucrose gradient fraction, as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and fluorography of E-prM complexes immunoprecipitated by MAb 1B7. In the 15-min-pulse sample, predominantly light complexes (presumably heterodimers) of prM-E were found near the top of the gradient (in fractions 6 and 7). With increases of chase time, progressively heavier E-prM complexes (likely representing multimers) were observed, as indicated by a skewing of the distribution of E-prM complexes towards lower fractions in the gradient. Also shown is the distribution of digitonin-released E-prM complexes from purified virus particles, harvested from culture fluids after 12 h of chase. For reference, intact virus particles sedimented in fraction 1, while yeast alcohol dehydrogenase (molecular weight, 150,000) and catalase (molecular weight, 250,000) banded in fraction 6 and fractions 4 and 5, respectively, in these 10 to 50% sucrose gradients. protein molecules (of the order of 90 E dimers as estimated for tick-borne encephalitis virus [27] ), only a few of which (per virus particle) would be expected to actually participate in cell attachment. The results therefore indicate that ⌬E possesses most if not all of the structural features required for cell binding. Specificity of cell binding for both virus particles and ⌬E was shown by blocking studies with E-specific MAbs 3H5 and 1B7 ( Fig. 5D and E) . For comparison, the virus neutralization activities for each MAb were determined in parallel on the same preparation of radiolabeled virus. Both MAbs blocked binding of virus particles and ⌬E to Vero cells (Fig. 5D and E ). Blocking of virus particle binding correlated more closely to virus neutralization for MAb 3H5 than for MAb 1B7. This may suggest that MAb 3H5 neutralizes dengue virus predominantly by blocking virus-cell attachment, while MAb 1B7 neutralizes dengue virus largely by a postattachment mechanism.
The precise location of the trypsin cleavage site on the dengue virus E protein remains uncertain. The E protein of tickborne encephalitis virus is also cleaved by trypsin, at a site between residues 395 and 408, probably at Lys-408 (12, 25) . The corresponding region in the dengue virus E protein similarly contains several basic amino acid residues representing potential trypsin sites. MAb binding sites provide some help in localizing the trypsin cleavage site of the dengue virus E protein. In the present study, both MAbs 3H5 and 1B7 were shown to immunoprecipitate the trypsin-released E protein ectodomain. The MAb 3H5 binding site on the dengue virus E protein has been partly characterized (15, 21, 28) and probably encompasses, at a minimum, residues 383 to 385 (15) . This places the trypsin cleavage site on the carboxy side of amino acid 385. Further studies, such as studies involving C-terminal sequencing, will help to define the trypsin cleavage site of the dengue virus E protein.
Elucidation of the precise sites within ⌬E which are involved in cell receptor binding is important to understanding cell tropism of dengue virus as well as to designing possible inhibitors of infection. Potential glycosaminoglycan-binding motifs have been identified on the dengue virus E protein at two sites, the best characterized of which appears to be comprised of amino acids 188, 284 to 295, and 305 to 310 and which may also play a role in virus-cell attachment (5). There exists considerable homology among flaviviral E proteins, raising the possibility that different flaviviruses may have similar receptor-binding motifs. For example, many mosquito-borne flaviviruses contain an RGD sequence (e.g., residues 388 to 390 of the Murray Valley encephalitis virus E protein) which has been implicated in virulence (18) and potential receptor binding, by analogy with integrin-binding motifs (25) . Further analyses of cell-binding activities and potential receptor-binding activities of proteolytic or recombinantly produced fragments of flaviviral E protein may help to define the sites involved in recognition between flaviviruses and cell surface macromolecules.
